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Encephalopathy in sheep was at first described in Ireland in 1732 and was called scrapie. Ancient 
DNA in archaeogenetics represents an effective method to evaluate the ancestral pedigree of living 
animals and track evolutionary changes occurred between the past and the present day. Since 
several point mutations are today widely described in modern scrapie, no data about both se-
quence and frequency are still available for the prion protein (PrP) gene in ancient breeds. In or-
der to evaluate whether the haplotypes distribution in ancient sheep differed from those of the 
modern population we evaluated polymorphism at four well know codons of the Prp Open Read-
ing Frame. In the present work, we collected 37 medieval sheep bone remains found at the Cala-
thamet (n = 11), Palazzo Bonagia (n = 12) and Palazzo Steri (n = 14) Sicilians archeological sites 
and dated back between 9th - 15th century. Single nucleotide polymorphisms (SNPs) at codons 136, 
141, 154 and 171 of the prion protein (PrP) were investigated using cycle sequencing. Sequenom 
Mass ARRAYiPLEX platform confirmed the results for 5 individuals out of 37. Cycle sequencing 
showed at all samples the AA136LL141RR154QQ171 (hereafter ALRQ/ALRQ) genotype except at 2 in-
dividuals showing the very susceptible genotype VLRQ/VLRQ (n = 1) and the resistant (ALRR/ 
ALRR) (n = 1) respectively. Supported by a high incidence of susceptible genotype to prion infec-
tion we concluded that presumably scrapie was already widespread enough in the medieval Sicily. 
Moreover, we described conceivable scenarios that could have underlain evolutionary changes in 
the medieval sheep population. 
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Scrapie or prion disease belongs to the transmissible spongiform encephalopathies (TSEs) together with bovine 
spongiform encephalopathy (BSE) in cattle and chronic wasting disease (CWD) in deer. Scrapie is a fatal neu-
rodegenerative disorder that affects genetically susceptible sheep and goat and it is characterized by the deposi-
tion of the aberrant isoform of the natural prion glycoprotein. It is revealed that the PrP abnormal prion protein 
form, consist of an approximately 40% of beta sheet folding that makes it protease resistant and infectious [1]. 
Scrapie disease is also the oldest form of TSEs and various data indicate that it was already present in Europe in 
eighteenth century or earlier. The first description of scrapie case came back to the year 1750 by Leopoldt [2] 
who reported the infectious nature. Since that time several studies were conducted to describe the early history 
of the TSEs [3] and only two centuries later it was reported the first signal of scrapie in Italy, in the Biellese 
breed (Piedmonte), described by Cravero et al., 1976 [4]. PrP polymorphisms are highly debated and to date their 
involvement in scrapie is not completely clear. Specific point mutations in the coding region are widely linked 
to susceptibility in sheep to develop prion disease [5]. Several SNPs are currently reported [6] and four well- 
known codons show crucial importance in modulate genetic susceptibility to classical scrapie. Amino acid po-
lymorphism at codon 136 (Alanine/Valine; A/V), codon 141 (Leucine/Phenylalanine; L/F), codon 154 (Arginine/ 
Histidine; R/H) and codon 171 (Arginine/Glutamine/Histidine; R/Q/H) are extensively described in literature 
[7]-[9]. The ARR/ARR is associated with a high resistant genotype to natural scrapie [7] [9] [10], while AHQ 
haplotype is associated only in some breeds with the resistance to disease [11]. In contrast, the VRQ confers 
high susceptibility both homozygosis and heterozygosis [12] [13]. The ARQ represents the most common hap-
lotype [14] and exhibits high to moderate susceptibility to disease while the ARH allele seems to be neutral [15]. 
Based on the above evidence, several PrP genotypes subsist within the population and each of them is related 
with a different degree of proneness to develop scrapie (R1 - R5, respectively from very low risk to high suscep-
tibility). When DNA are well preserved, direct sequencing represents definitely the most reliable and powerful 
tools to decode ancient genes and to track genetic variability along the time-scale. In line with this premises, we 
thought the PrP gene as a target of possible evolutionary pressure reflecting the characteristics of living animals. 
To date, Italian data on the amino acid frequencies at PrP gene are available and show the prevalence of the 
ARQ both homozygosis and heterozygosis with the ARR [16]. In the Sicilian sheep the haplotypes distributions 
follow the same trend as the rest of the Italian population [17] despite the genetic isolation that characterizes the 
native sheep breeds. Since there are no data available on the ancestral genotype distribution for the Sicilian 
sheep, through a retrospective study we evaluated PrP allelic profile using aDNA analysis directly from arc-
haeological samples. To this aim we searched for amino acid variations in order to assess whether the ancestral 
sheep already had at that time a certain level of susceptibility to prion infection. We estimated the ancestral ge-
notype and compared them with those of the contemporary sheep by employing direct sequencing and mass 
spectrometry MALDI-TOF. 
2. Materials and Methods 
A specimen of 37 ovine bones (Ovis aries) from medieval periods was examined. Samples came from three dif-
ferent ancient sites of the town of Palermo in Italy: Palazzo Bonagia (12 specimens), Palazzo Steri (14 speci-
mens) and Calathamet (11 specimens) [18] [19] in the north-west of Sicily. Scans and analysis of the artifacts 
discovered in the proximity of the specimens revealed that the relics of Palazzo Bonagia can be dated back to a 
period between the end of the 9th century and the beginning of the 11th century A.D.; the specimens of Calatha-
met can be dated back to 11th - 14th century A.D. [18] whereas the specimens of Palazzo Steri can be dated back 
to 11th - 15th century A.D. For the site of Calathamet only the samples attributed to 13th century A.D. were ana-
lyzed and, analogously for Palazzo Steri, only the relics of the “Chiaramonte” period (14th - 15th century A.D.) 
were considered. Since some skeletal remains were badly preserved and damaged, various bone elements were 
sampled in order to form the highest Minimum Number of Individuals (MNI). Samples were selected by choos-
ing the same anatomical part and the same side, in order to be sure not to collect and analyze twice the same in-
dividual. Young-to-adults individuals with an age of death included in a range of 18 to 36 months represented 
the specimen. We managed directly aDNA from the sheep skeletal remains according to the strict practices pro-
vided by Cooper and Poinar, 2000 [20]. To assure sterility, all the work surfaces were treated with 1% sodium 
hypochlorite solution and equipment and pipettors exposed to UV rays. Latex gloves, mask and body suit were 
used by researchers during handling of the bones. A fragment for each animal was collected under sterile condi-
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tions in a pre-PCR area exclusively dedicated and soaked in 10% bleach. A 80 - 100 mg were powdered me-
chanically in a homogenizer. Ancient DNA was extracted according to Yang’s et al. protocol, 1998 [21] in a de-
dicate extractions area within the laboratory and in a laminar flow hood (HEPA-filtered) in order to avoid 
cross-contamination with modern DNA. Bone powder was decalcified with EDTA 0.5 M pH 8 at room temper-
ature for 48 h and then incubated in a thermo mixer at 55˚C overnight with 20 mg/ml proteinase K and 0.5% 
SDS. The solution was centrifuged at 2000 × g for 5 minutes and the supernatant was transferred into a sterile 
microtube to perform DNA purification with the QIAquick PCR Purification Kit (Qiagen, Sweden) following 
the manufacturer’s instructions. New reagents for aDNA extraction, PCR amplification and multiple down-
stream applications were used. Non-template control and reagent blanks were employed to check exogenous 
contamination throughout working procedure. Direct sequencing was initially performed on a 225 bp fragment 
using a couple of primer provided by Acutis et al. (2010) [22] including all codons investigated in one amplicon. 
At this condition PCR amplification did not showed any amplicon because of the too high dimension of the 
fragment to be amplified related to the degree of degradation of the aDNA. In light of this we amplified each 
codon independently, except at codons 136 and 141 because of their closeness. For this purpose, new mini pri-
mer for the selective amplification of the codons 136/141, 154 and 171 were suitably in-house designed, as illu-
strates Table 1. The oligos hybridize on the PrP open reading frame at positions 386 - 407 and 506 - 485 for the 
codon 136 - 141 (respectively forward and reverse); 429 - 447 and 558 - 539 for the codon 154; 504 - 523 and 
619 - 599 for the codon 171 [GenBank:AJ000739]. The couple of primers for each codon annealed at strategic 
positions so that SNPs were identified close to the reverse primer. The amplification was performed in a final 
reaction volume of 50 μl using AmpliTaq Gold 360 DNA Polymerase (Applied Biosystems, Foster City, Cali-
fornia, USA). The amplification was performed in a GeneAmp PCR system 9700 (Applied Biosystems, Foster 
City, California) with an initial hold of 8 min at 95˚C followed by 40 cycle of 45 sec at 95˚C, 50 sec at 56˚C and 
30 sec at 72˚C; a final extension period of 10 min at 72˚C was employed. Products were ran on the automated 
capillary electrophoresis device QIAxcel (Qiagen, Milano, Italy) to avoid handling of samples, cleaned up and 
started toward the cycle sequencing using BigDye Terminator v3.1chemistry(Applied Biosystems, Foster City, 
California, USA). The amplicon was newly cleaned up with BigDye X-Terminator purification kit and running 
on a ABI Prism 3130 Genetic Analyzer (Applied Biosystems, Foster City, California, USA). Each sequence was 
submitted to the BLAST alignment tool to be sure not to have contamination and aligned using SeqScape Soft-
ware v2.7 (Applied Biosystems, Foster City, California, USA) to check PrP polymorphisms. Each sample was 
also amplified using a specific iPLEX Genotyping kit named MyriapodScrapie (DiatechPharmacogenetics, Jesi, 
Italy) exclusively designed for the detection at the same time of the polymorphism at codons 136, 141, 154 and 
171. A first PCR amplification was performed using AMP-Mix prepared according to the manufacturer’s in-
structions. Briefly three microliters were dispensed in each tube and 2 µl of DNA (1 - 100 ng/µl) were used. The 
plate was sealed using a SQ foil and amplified on a Labcycler (SensoQuest, GmbH) using the following proto-
col: initial hold of 95˚C for 2 min followed by 45 cycle of 30 sec at 95˚C, 30 sec at 56˚C and 1 min at 72˚C. 
Two additional sequential hold of 72˚C and 4˚C each for 5 min were also performed. After the first amplifica-
tion, a SAP treatment is required to cleans up left over primers and dNTPs using 2 µl of a specific SAP-Mix in 5 
µl of PCR product; the following thermal profile was applied: 37˚C for 40 min, 85˚C for 5 min and 4˚C for 5 
min. Afterwards a primer single-base extension was performed preparing a specific EXT-Mix following the 
manufacturer’s instructions. Two microliter of the mix were added to previous tube reaching a final volume of 9 
µl. A specific iPLEX PCR protocol was applied: 94˚C for 30 sec followed by 40 cycle of 94˚C for 5 sec and an-
nealing and extension repeated 5 times for each cycle, respectively of 52˚C and 80˚C for 5 sec. A further hold of 
72˚C for 3 min and 4˚C for 5 min was also applied. Extension products were nanodispensed to a SpectroCHI-
Parray and transferred to the MassARRAY for the analysis of the fragments of allele-specific mass. The mass 
 
Table 1. Mini primer for the selective amplification of the codons 136/141, 154 and 171; Ta, annealing temperature. 
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difference allows the software to discriminate between different SNP alleles at each codon using the Sequenom 
MassARRAY Analyzer 4 (Diatech Pharmacogenetics, Jesi, Italy). For the same reasons mentioned above, the 
allele-mass peak was not always detected because of the amplicon length (~400 bp). 
3. Results 
Despite some badly preservation and dating of the bones, ancient DNA resulted in a positive amplification for 
all codons investigated (Figure 1). Sheep skeletal remains were analyzed in double, confirming the results 
without any incongruence and therefore considering it as authentic. Sequencing analysis showed for all sample a 
94.6% of ALRQ/ALRQ genotype; the remaining was VLRQ/VLRQ and ALRR/ALRR (2.7% each). We have 
not found nucleotide mutation leading to amino acid change or synonymous substitution so that we excluded ar-
tifacts in a DNA amplification induced by e.g. deamination of cytosine [23]. We have detected triplets GCC 
(Ala/Ala) and GTC (Val/Val) at codon 136, CTT at codon 141 (Leu/Leu), CGT at codon 154 (Arg/Arg), CGG 
(Arg/Arg) and CAG (Gln/Gln) at codon 171. Sequencing positive control was heterozygote at codon 171 
(ARR/ARQ). Mass spectrum results confirmed cycle sequencing data for four ARQ homozygotes and one sus-
ceptible VRQ both belonging to the Calathamet site, showing a better DNA preservation of these samples 
(Figure 2(a) and Figure 2(b)). The remaining samples did not revealed any signal on mass array. 
 
  
   
Figure 1. Cycle sequencing of the codons 136 - 141, 154 and 171. 
















Figure 2. (a) Mass spectrum chromatogram. Panels Z1 to Z4 represent a definite nucleotide assay at one specific codon. Z1 
A136V (GCC - GTC); Z3 L141F (CTT - TTT); Z4 R154H (CGT - CAT). (b) Mass Array spectrum for the codon 171. Pa-
nels Z5 to Z8 represent a definite nucleotide assay at codon 171. Z5 Q171R (CAG - CGG); Z6 Q171H (CAG - CAT); Z7 
Q171K (CAG - AAG); Z8 work as control of Z5 analysis (A → G) using a different primer. 
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4. Discussion and Conclusions 
Scrapie disease is a lethal disorder affecting genetically susceptible sheep. The aim of this study was to assess 
the allelic pattern at codons 136, 141, 154 and 171 in order to estimate whether scrapie was already infectious in 
medieval era. Moreover, we presumed genetic forces driving evolutionary changes occurred in the ancestral 
sheep population. The predominant ALRQ haplotypes found in this study are in line with the modern allelic dis-
tribution in Sicily [17]. According to the Van Kaam study, currently the ARQ haplotype mean frequency in Si-
cilians sheep is much higher (56.2%) compared to the resistant ARR (34.8%). Despite this, the heterozygotes 
ARR/ARQ are today the most representative genotypes of the Sicilian ovine population (mean 39.9%) and only 
secondly the homozygotes ARQ/ARQ (mean 31.4%). The ARR/ARR genotype is poorly represented within the 
population (mean 12.1%) tending to its increase using selective mating strategies under EU member states plan. 
In our study, the ancestral ALRQ/ALRQ appears to be the predominant genotype for the Sicilian sheep. Only 
one sample showed the Valine (V) allele at codon 136 whereas another sample displayed the Arginine (R) allele 
at codon 171. No heterozygotes were detected showing slightly differences among ancient and contemporary 
sheep breeds. In light of this, we wondered why the prion protein gene already had in the middle age a scrapie- 
susceptible form. Lacking or poorness of scrapie resistant genotype in European sheep [24]-[26] could be due to 
anthropic and selective pressures that have acted in past affecting genetics of the present days. It’s clear today 
that domestication took place about in 4000 B.C. by Neolithic settlers as shown by findings of skeletal remains. 
During that time, the most common use of medieval sheep was to provide milk, wool and meat and as results of 
anthropic pressure probably they were selected for their somatic characteristics (e.g. long or short wools, 
white-faced, polled or horned). Unfortunately, to our knowledge no study was conducted nor results are reported 
linking phenotype with polymorphisms of susceptibility. On the other hand, evolutionary changes may have 
took place over the last centuries in the Sicilian Island involving sheep population. As shown in this work, a 
small proportion of resistant alleles were already present and only secondly lost or strongly reduced perhaps due 
to accidental crossing with breeds carrying the susceptible alleles. Alternatively, it might be also possible that 
migrations of incoming sheep population could have interacted genetically with the autochthonous with a signi-
ficative changing in the haplotype frequencies. Unfortunately these happenings may be difficult to investigate. 
Moreover Sicilians sheep might have been progressively selected for different alleles due to stochastic effects 
such as genetic drift and bottlenecks. In line with this assumptions, founder effect could have supported the se-
lection process by forming a new population starting from a few number of sheep survived and carrying e.g. the 
Q171 allele. These occurrences most likely have led to the differentiation of the sheep breeds as we know them 
today and to the fragmentation of their genetic variability. It would be reasonable to consider a driving force fa-
voring the protective form (e.g. RR171) rather than those susceptible. This might suggest more simply that selec-
tive pressure acting on the PrP alleles could be also the answer to an evolutionary adaptation to date unknown. 
From a contemporary point of view, artificial selection could be responsible for the large Q171 increase within 
the modern Sicilian sheep population due to a wrong in-house breeding program. This issue is strengthened by 
the disproportion between male and female that form today the Italians sheep flock. In such breeding program, 
Sicilian sires carrying glutamine allele at codon 171 are unknowingly used as reproducers, spreading the sus-
ceptible haplotype. This led to consolidate and disseminate the current frequencies. For reasons to date unclear, 
the genotype obtained from the medieval sheep bones differs if compared to the modern sheep. In our study, the 
ancient haplotypes seem to be lacking at codon 171 of the resistant triplet leading to the amino acid Arginine or 
could be simply infrequent variants within the ancient sheep and therefore hard to detect [27]. On the other hand, 
the high ALRQ proportion could be overestimated precluding the possibility to find coding mutations. Despite 
the limited number of bones analyzed, we assumed however that sampling derived from the different ancient 
sites was considered representative of the historical period. We concluded that scrapie mutation was observed in 
any of the samples analyzed. On the basis of objective observations, we could confirm that in the period 9th - 
15th century scrapie was widespread as demonstrated by the high incidence of susceptible genotype found. Our 
data represent only a piece of a larger scenario that need of insights but that may contribute to shed some light 
on the geneflow phenomena occurred between present and past as well in tracking selection events. 
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